In this paper, 5052H34 Al-Mg plates are joined by Friction Stir Welding (FSW) at various rotation speeds ranging from 2000 to 2700 min À1 to explore the deterioration of tensile and vibration fracture resistance. An average grain size of 16 AE 1 mm could be observed in the stir zone (SZ) at all rotation speeds. The results of tensile and vibration tests which are done transversely in the stir zone verified that the FSW 5052-H34 specimens become significantly different from the base metal, and the deterioration pertains to the microstructural revolution and joining defects.
Introduction
There are always joining and vibration problems in automobile and shipbuilding industries. Friction Stir Welding (FSW) is a potential technique of joining light metals. In the joining process, the successively dynamic recrystallization is an important factor. [1] [2] [3] In this study, FSW is adopted to join Al-Mg alloy samples. At different tool rotation speeds, FSW would have different effects on the microstructural evolution around the stir zone.
The vibration failure of many aluminum alloys often occurs in structural components especially when the applied vibration frequency meets the resonance. Therefore, it is necessary to study the resonant vibration fracture resistance and the crack propagation behavior on the joining area of the Al-Mg alloy. Our previous reports show that the resonant vibration cracks often initiate at the stress concentration or the lower strength area on the surface and grow into the body of the specimen. 4, 5) FSW joining microstructure could be affected by several controlling factors, such as tool rotation speeds, tool moving speed, downward push force, geometry of the tool and tilting angle of the tool. This study will focus on the rpm-dependent microstructural evolution and their vibration fracture resistance.
Experimental Procedure
The material used in this study was 5052H34 aluminum alloy: 150 mm in length, 35 mm in width and 3.2 mm in thickness. The chemical composition of the sample is as listed in Table 1 . Three tool rotation speeds were performed as 2000, 2400 and 2700 min À1 ; tool moving speeds were fixed at 160 AE 10 mm min À1 with 1.5 of tool angle; the downward push force was controlled at the 19.6 MPa; the geometry of FSW tool was shown in Fig. 1 . In this study, the base metal of specimen would be designated as ''BM'', and those joining specimens of 2000 min À1 , 2400 min À1 and 2700 min À1 would be designated as ''j20'', ''j24'' and ''j27'', respectively.
To explore the Vickers hardness profile in the vicinity of the joining zone, a Vickers indenter with a 100 gf load for 15 s was used. In tensile tests, the strain rate was fixed at 8:3 Â 10 À4 s À1 . To explore the effects of microstructural features, two kinds of tensile test specimens were used as shown in Fig. 2 : the specimen with 20 mm gauge in length and 2.4 mm in thickness is transverse to the stir zone as shown in Fig. 2(a) ; the specimen with 5 mm gauge in length and 2.4 mm in thickness is longitudinal to the stir zone as shown in Fig. 2(b) . On the other hand, in order to study the crack initiation of various FSW joining specimens, two other vibration test specimens are shown in Figs. 3(a) and (b). The former is the specimen with two semi-circular shapes and the latter is with sharp V notches. The specimen as shown in Fig. 3(b) was also used to observe the crack propagation behavior. Figure 3 (c) schematically depicts the vibration set-up.
Each test specimen was clamped onto a vibration shaker with a deflection sensor attached on the end of the specimen for measuring the deflection amplitude. In order to fix the initiating surface strain of each specimen, the initiating deflection was fixed at 6.5 mm. Prior to testing, the vibration shaker varied the frequencies to determine a specimen's resonant frequency. When the vibration frequency of the shaker meets the natural frequency of the specimen, i.e. the resonant frequency, the deflection amplitude reaches the maximum as indicated in Fig. 4 . For all specimens with semicircular notches, the resonant frequency is in the range of 40 AE 1 Hz. It should be noted that in the specimens with V notches, a small shift of resonant frequency which varies from 40 AE 2 to 41 AE 1 Hz can be recognized as tool rotation speeds increases.
The microstructural differences of FSW specimens on the crack propagation paths were examined by an optical microscope equipped with an image analyzer. All specimens were surfacely finished by polishing with 0.3 mm Al 2 O 3 , so the cracking path through the microstructure can be directly observed. Consequently, a quantitative data of crack tortuosity can be determined by the method as shown in Fig. 5 . Then the crack tortuosity value can be defined as the main crack length divided by the projected crack length along notch direction (shown by the dashed line in Fig. 5 ). The projected crack length is parallel to the tip direction of the two Vnotches (i.e., the notch on the stir zone as indicated in Fig. 5 ). The equiaxed grain region observed in the stir zone is indicated in Fig. 6 (a). According to the linear-intercept method, the equiaxed grain size shows little difference (16 AE 1 mm) at different tool rotation speeds. The retreating side of the TMAZ region is shown in the Fig. 6(b) , and the advancing side the Fig. 6(c) . A macroscopic deformation between the HAZ and the SZ can be especially recognized on the retreating side. The microstructural feature of the TMAZ reveals that the grain is elongated. Figure 7 reveals the microstructural feature of the stir zone on the cross section of j20 and j27. From the Fig. 7(a) of the grain recrystallization of j20, a microstructural defect is observed on the stir zone. The defect could be attributed to the friction heating which does not reach the critical temperature. However, the microcracks on the stir zone of j27 show that overheating could also result in defects.
Results

The deterioration of tensile properties
As indicated in Fig. 8 , the hardness profiles measured along the centerline of the cross section of the welds with various rotation speeds show the microstructural imhomogeneity. All the joining 5052-H34 specimens show similar hardness profiles, and there is no significant difference even when the tool rotation speeds are changed. On the other hand, the effect of tool rotation speed on the tensile properties as revealed in Table 2 shows that the tool rotation speed is an important factor to the FSW defects shown in Fig. 7 . Table 2 indicates the tensile properties with various joining conditions. It reveals that the tensile strengths of all the FSW specimens at any rotation speeds are lower than those of the BM specimens. Based on the tensile data obtained from the specimens cut totally from the stir zone where the dynamic recrystallization grains appeared, it is revealed that j24 actually possesses excellent ductility and the deformation resistance is slightly lower than the base metal.
The deterioration of vibration fracture resistance
Given in Fig. 9 are the data of deflection vs. vibration cycle (D-N curve). All specimens exhibit a common trend that the deflection amplitude is increasing and subsequently decreasing in the final stage as the vibration cycles increase. The D-N curve also reveals a distinct plateau stage of maximum deflection amplitude between the initial ascending stage and the final descending stage. As illustrated in Fig. 9 , all specimens with circular notches are tested under the constant deflection amplitude: the BM specimens reveal excellent vibration fracture resistance, and the FSW specimens show no significant difference even when the tool rotation speed is changed. Figure 10 reveals that there are significant differences in the crack initiation behavior between the base metal and the FSW specimens as observed from the optical microscope. More slip bands are observed in the vicinity of the main crack in the BM as shown in Fig. 10(d) whereas only few slip bands in the FSW specimens as shown in Figs. 10(a), (b) , and (c).
As illustrated in Fig. 9 and Fig. 10 , the vibration fracture resistance of 5052H34 alloy is associated with the microstructural feature. Figure 10(d) shows the appearance of the slip band cracking and Fig. 11 the SEM evidence. The microstructural evolution in the vicinity of the notch region can be then elucidated. Consequently, the cracking features of the j20, j24 and j27 related to the cracking behavior and their vibration fracture resistance are shown in Figs. 10 and 11. The significant difference of the cracking behavior between the 5052-H34 base metal and FSW specimens can be recognized. However, for FSW specimens, it is possible to have cracks on the HAZ and SZ regions, which is due to the microstructural imhomogeneity in the vicinity of the joining area.
The specimens with V notches in the stir zone (the effects of HAZ and TMAZ regions can then be avoided) were also used to evaluate the vibration fracture resistance. Figure 12 shows the D-N curves under the constant initial deflection amplitude. Compared with other specimens, the j24 specimen obviously possesses longer period of maximum deflection, i.e. better vibration fracture resistance. As shown in Fig. 12 , j24 shows better vibration fracture resistance when it is further compared with the BM because the grain size in j24 is significantly smaller than that in the BM. To observe the main crack on the etching specimen of j24 and that on the BM, few differences are recognized as illustrated in Fig. 13 . However, Table 3 shows significance differences between FSW and BM in vibration fracture resistance, and the Table 2 Tensile properties of FSW 5052-H34 aluminum alloy. Effect of Microstructural Feature on the Deterioration of Tensile Properties and Vibration Fracture Resistance of FSW 5052-H34 Alloydifferences are correlated with the changes of crack tortuosity resulted from the grain refinement. Consequently, when the tool rotation speed is properly controlled, the optimal FSW condition for better vibration fracture resistance can be achieved.
Discussion
Many studies [8] [9] [10] [11] have suggested that fine equiaxed grains at the weld center of the SZ are nucleated through dynamic recrystallization during the stir process of the material. After the grain nucleation, there is a possibility that the dynamically recrystallized grains will experience the grain growth as the stirring operation continues. Therefore, the elevated temperature is a critical factor in the dynamic recrystallization. Because the maximum temperature increases with the increasing rotation speed during the FSW joining, 12 ) the choice of the tool rotation speed plays an important role in the appearance of the stirring defects. As illustrated in Fig. 6(a) , the fine equiaxed grain occupies over the stir zone, and the grain size increases slightly as the the rotation speed increases (j20:15.3 mm; j24:16.1 mm; j27:16.7 mm). However, it should be noted that a characteristic defect was found in the stir zone as shown in Fig. 7 . For j20 and j27, and the significant deterioration of tensile properties is attributable to the joining defect.
As to the vibration fracture resistance of FSW joining samples, Fig. 9 reveals that there was no significant difference in the vibration life as the tool rotation speed varies because the vibration cracks mostly propagated in the HAZ 20µ µm region and only few propagated in the SZ region. The results can be further compared with those shown in Fig. 12 . The deterioration of FSW specimens can be apparently identified if the crack propagation path through the SZ region with V notches is controlled. Based on the consequences of the microstructural feature of FSW joining, it is reasonable to suggest that the optimal FSW structure and properties can be obtained by properly controlling the tool rotation speed. However, the HAZ region is a fully-annealed-like microstructure and lower in hardness as shown in Fig. 6(d) , which is pertaining to the deterioration of mechanical properties. As mentioned above, the j24 specimen with V notches possesses excellent vibration fracture resistance because of the microstructural refinement and no defect. As shown in Fig. 13 , it is clear that the grain refinement plays an important role in the crack propagation behavior. Table 3 also indicates the tortuosity of crack path. Although the effects of the various tool rotation speeds on the microstructural refinement are recognized, whereas the microstructural defect should be eliminated. Further examination on the development of microstructural defects and the mechanism of FSW process is still needed.
Conclusions
According to the experimental results discussed in the previous sections, the following conclusions can be drawn:
(1) Sound joints can be obtained with the tool rotation speeds at around 2400 min À1 , and the deterioration of tensile properties of j24 is slighter than of other FSW specimens because there is no microstructural defect. 
